Objective To evaluate the effectiveness of dietary antioxidants in the primary prevention of age related macular degeneration (AMD). Design Systematic review and meta-analysis. Data sources Search of seven databases without limits on year or language of publication, and retrieval of references in pertinent reviews and articles. Methods Two reviewers independently searched the databases and selected the studies, using standardised criteria. Randomised clinical trials and prospective cohort studies were included. Of the 4192 abstracts initially identified, 12 studies (nine prospective cohort studies and three randomised clinical trials) met the selection criteria and were included. Data extraction and study quality evaluation were independently reviewed, using standardised criteria. Results were pooled quantitatively using meta-analytic methods. Results The nine prospective cohort studies included 149 203 people, with 1878 incident cases of early AMD. The antioxidants investigated differed across studies, and not all studies contributed to the meta-analysis of each antioxidant. Pooled results from prospective cohort studies indicated that vitamin A, vitamin C, vitamin E, zinc, lutein, zeaxanthin, α carotene, β carotene, β cryptoxanthin, and lycopene have little or no effect in the primary prevention of early AMD. The three randomised clinical trials did not show that antioxidant supplements prevented early AMD. Conclusions There is insufficient evidence to support the role of dietary antioxidants, including the use of dietary antioxidant supplements, for the primary prevention of early AMD.
INTRODUCTION
Age related macular degeneration (AMD) is the leading cause of severe visual loss in people aged over 50 in the developed world. [1] [2] [3] [4] [5] [6] [7] Early AMD is characterised clinically by yellow deposits known as drusen and changes in pigmentation of the retina. Late AMD develops when there is an ingrowth of new blood vessels that bleed into the subretinal space (exudative or "wet" type) or when the macula atrophies (geographic atrophy or "dry" type). Both these conditions usually lead to severe loss of central vision. The pathogenesis of AMD is unclear 8 9 ; older age, genetic markers, 10 11 and cigarette smoking are the only risk factors consistently reported. [12] [13] [14] [15] Although new treatments have emerged, they are suitable only for the small proportion of people with "wet" AMD. [16] [17] [18] [19] No treatments are available for the "dry" form, and there is little to offer for the primary prevention of AMD in older people.
Dietary antioxidants have long been suggested as useful for preventing the development and progression of AMD. 20 The retina, with its high oxygen content and constant exposure to light, is particularly susceptible to oxidative damage. 21 A large randomised clinical trial, the age related eye disease study (AREDS), 22 showed that patients with intermediate AMD treated with high dose antioxidant supplements (vitamins C and E, zinc, and β carotene) had a 28% reduction in the risk of progression to advanced AMD compared with placebo (odds ratio 0.72, 99% confidence interval 0.52 to 0.98). That study did not specifically examine whether antioxidant supplements were effective for the primary prevention of early AMD in people without signs of this condition. 20 Because oxidative damage could cause drusen to form, 23 antioxidants may be beneficial in the earliest stage of AMD. Randomised control trials and observational studies have been conducted in well nourished Western populations, but evidence of the role of dietary antioxidants as a primary preventive measure for AMD remains unclear. Some studies, 24 w1 but not others, w2 w3 indicate that diets rich in antioxidants may protect against the development of signs of early AMD, and the common perception is that a diet rich in antioxidants can protect against AMD. 21 25-30 We performed a systematic review and meta-analysis of the role of a range of dietary antioxidants-vitamins A, C, and E; zinc; lutein and zeaxanthin; α carotene; β carotene; β cryptoxanthin; and lycopene-in the primary prevention of AMD. We considered only randomised clinical trials and prospective cohort studies for inclusion.
METHODS

Data sources
We conducted a systematic review of seven databases, including PubMed (1950 31 (up to February 2007) . Systematic search of these databases used the terms "diet or nutrition or supplement* or carotenoids or antioxidants or trace elements or trace minerals or vitamin* or zinc or selenium or iron or copper or lutein or zeaxanthin or beta carotene* or carotene* or lycopene or vegetables or fruits" and "age-related macular degeneration or age related maculopathy or macular degeneration or retinal degeneration or drusen or choroidal neovascularization or geographic atrophy". The search strategy used both keywords and MeSH terms. No limits were placed on the year or language of publication. All articles in other languages were translated to English. References identified from bibliographies of pertinent articles or books were also retrieved.
Studies and participants
Randomised control trials and prospective cohort studies evaluating dietary antioxidants or antioxidant supplements in the primary prevention of AMD (that is, no disease to early or late AMD) were considered for inclusion. We specifically excluded studies in which all participants had early AMD, as these studies evaluated antioxidants for secondary prevention of AMD (progression of early to late AMD).
For studies to be included, five criteria needed to be met: a clear definition of exposure (dietary intake of vitamin A, vitamin C, vitamin E, zinc, lutein and zeaxanthin, α carotene, β carotene, β cryptoxanthin, lycopene); participant follow-up for one year or longer; clear definition of AMD as the outcome; appropriate statistical techniques to adjust for key potential confounders (for example, age and cigarette smoking); and estimates of odds ratio, relative risk, or the primary data to calculate these ratios. In studies that did not present an odds ratio or relative risk comparing highest to lowest fifth or fourth of intake, we contacted authors for this information. w1 w4
Outcome measures
The primary study outcome was early AMD (defined as soft drusen with or without retinal pigmentation changes), and late AMD (wet or dry AMD) was the secondary study outcome.
Selection of studies
Two reviewers (EW-TC and AJK) independently searched the seven databases, which included grey literature (unpublished work with limited distribution, such as conference abstracts; excluding grey literature that meets the pre-specified inclusion criteria from meta-analyses results in exaggerated effect sizes 32 ). The search strategy found 4192 abstracts. We excluded studies if the title and abstract were not relevant, and obtained papers for all potentially relevant studies if the abstract contained insufficient information for exclusion.
Data extraction and study quality Data extraction and evaluation of the study's quality were done independently by two reviewers (EW-TC and AJK). Data were extracted using a standardised extraction form, and methodological quality was assessed by using the validated Downs and Black instrument for cohort studies, 33 34 one of the best tools for assessing observational study designs. 35 The QUOROM statement checklist was used for randomised control trials. 36 The scores from these instruments were rated as high, moderate, or low quality. Disagreement between the reviewers was resolved by discussion with senior investigators (TW and RG). For two studies, the authors were contacted successfully to clarify details or to provide additional information about their study.
w1 w4
Data synthesis All meta-analyses were done with RevMan 4.2.8 software (www.cc-ims.net/RevMan), using fully adjusted odds ratio or relative risk in the metaanalyses. The standard error of the natural logarithm (ln) of the odds ratio was calculated from the 95% confidence intervals using the formula (ln[upper limit of CI]-ln[lower limit of CI])/3.92). Heterogeneity between studies was tested with the I 2 statistic. 37 If the I 2 statistic was ≤30% the fixed effect model was used to pool studies; otherwise, the random effects model was used. Sensitivity analyses, excluding unpublished abstracts and including only studies rated as high quality, were performed where possible. Where possible, we evaluated publication bias by 38 ; publication bias is unlikely if the funnel plot shows a symmetrical inverted V shape. 39 
RESULTS
Description of studies
Of the 4192 abstracts screened, 89 were from potentially relevant studies, of which 77 were excluded because they did not meet the inclusion criteria (fig 1) . The remaining 12 studies comprised nine prospective cohort studies (including one published only as an abstract) w1-9 and three randomised control trials (including one abstract).
w10-w12 Reviewers agreed completely on study eligibility. Tables 1 and 2 summarise the design features and participants' characteristics in these studies.
Prospective cohort studies When duplicate publications and abstracts were excluded, the nine prospective cohort studies selected comprised seven independent studies including 149 203 people and 1878 incident cases of early AMD.
As the antioxidants investigated differed across the studies, not all studies contributed to the meta-analysis of every antioxidant. All of the cohort studies recruited participants between 1980 and 1994; in three studies, dietary data had been recorded before 1988 as they were a subset of another long term study. w3 w5 w6 All studies were published in the past 10 years and were conducted in the United States or other Western countries. One cohort study included only women w7 and another only men. w5 In most studies, participants were 49 years or older, but two included participants in their early 40s.
w5 w8 Follow-up was 5-18 years (mean 9 years). Three studies were population based w1 w2 w4 w8 and four included volunteers and health professionals. w3 w5 w6 w7 w9
Most studies had initial participation rates of ≥80%; one study had a participation rate of 64% but reported no difference in prevalence of self reported AMD between participants and non-participants; w7 another did not report the participation rates.
w5 The follow-up rates for most studies were over 75%. With the exception of the physicians' health study, which evaluated self reported use of antioxidant supplements (and did not contribute to the pooled results), w5 all studies used previously validated food frequency questionnaires to evaluate intake of antioxidants.
The assessment and definition of AMD varied between studies (table 1). All studies adjusted for age and smoking in their analyses. Most studies analysed the risk of AMD by comparing the highest fifth or fourth of antioxidant intake to the lowest fifth or fourth; one study evaluated the risk of AMD per standard deviation increase of lutein and zeaxanthin intake, but the authors, when requested, provided the odds ratio for AMD comparing the highest fifth of lutein and zeaxanthin intake to the lowest fifth.
w4 The other author who we contacted provided us with a detailed spreadsheet of the hazard ratio of the various antioxidants that were investigated. w1 The two reviewers agreed on the quality of the study in seven of the eight published cohort studies, and resolved disagreement by discussion.
Randomised controlled trials Three randomised control trials, including one abstract, evaluated antioxidant supplementation in the primary prevention of AMD (table 2) .
w10-w12 The vitamin E, cataract, and age related maculopathy trial (VECAT) evaluated vitamin E versus placebo supplementation in an Australian population, while the alpha tocopherol and beta carotene (ATBC) trial evaluated vitamin E or β carotene supplementation, or both, versus placebo in Finland. Neither of these trials found that antioxidant supplements were effective for primary prevention of AMD. Figures 2 and 3 show the point estimates for vitamin A, vitamin C, vitamin E, zinc, lutein and zeaxanthin, α carotene, β carotene, β cryptoxanthin, and lycopene in the different studies comparing the highest versus the lowest fifth or fourth of intake for early AMD.
Dietary antioxidants and early AMD
For vitamin A, all three cohort studies that contributed to the pooled analysis reported null associations, and the pooled odds ratio of early AMD, in a comparison of the highest to the lowest vitamin A intake category, was 0.98 (95% confidence interval 0.81 to 1.18). For vitamin C, three of the four studies reported positive associations and one reported an inverse association. Because of heterogeneity between studies (P=0.15, I 2 =43%), results were pooled by using the random effect model, and the pooled odds ratio was 1.11 (0.84 to 1.46). For vitamin E, of the three published cohort studies that contributed to the pooled results, two reported an inverse association and one a null association. The Rotterdam eye study, w1 which reported a statistically significant finding, contributed 60% weight to the pooled result, an odds ratio of 0.83 (0.69 to 1.01). When we pooled results from the two high quality studies, w1 w8 the odds ratio of vitamin E was 0.75 (0.59 to 0.94).
For zinc, two of the four studies reported positive associations, one reported a null association, and one an inverse association. The Rotterdam eye study reported a borderline significant finding and again dominated the pooled result (63% weight). The pooled odds ratio of zinc for early AMD was 0.91 (0.74 to 1.11). Six cohort studies contributed to the meta-analysis of lutein and zeaxanthin. Of these, four reported null associations, one a positive association, and one an inverse association. None of the findings in these studies was statistically significant, nor was the heterogeneity between studies (P=0.80, I
2 =0%). Results were pooled by using the fixed effect model, and the odds ratio for participants in the highest relative to the lowest lutein and zeaxanthin intake category was 0.98 (0.86 to 1.13), and it was 0.96 (0.82 to 1.12) when we excluded results from the abstract from the model. The symmetrical shape of the funnel plot indicates that publication bias is unlikely (fig 4) . 38 39 Four published cohort studies evaluated the associations between α carotene, β carotene, β cryptoxanthin, and lycopene and early AMD and contributed to the pooled results of these antioxidants (fig 3) . For α carotene, pooled results yielded an odds ratio of 1.05 (0.87 to 1.26). For β carotene, two of four studies reported null associations, one a positive association, and one an inverse association; none was significant. The Rotterdam eye study contributed greatly (53% weight) to an odds ratio of 1.04 (0.86 to 1.25). For β cryptoxanthin, the pooled odds ratio of four studies was 1.01 (0.85 to 1.22), and for lycopene it was 1.07 (0.90 to 1.28).
When sensitivity analyses including only population based, high quality studies for the nine investigated nutrients were performed the pooled odds ratio for the nutrients, apart from vitamin E, did not change greatly.
Dietary antioxidants and late AMD Of the eight published cohort studies, only three provided point estimates for the risk of late AMD (table 1).
w3 w4 w6
As each evaluated different antioxidants, we were unable to pool these results. Cases were few and odds ratios had wide 95% confidence intervals.
DISCUSSION
Age related macular degeneration remains the leading cause of visual loss in the United Kingdom and other developed countries. Oxidative damage in the retina has been hypothesised as a key process involved in development of early AMD. Antioxidants are thought to prevent AMD by reducing the photo-oxidative damage from blue light in the oxygen filled environment of the retina, which is rich in polyunsaturated fatty acids that are highly susceptible to oxidation. 40 Previous studies and reviews have largely focused on the role of dietary antioxidants and supplements in the secondary prevention of AMD-that is, preventing progression to late AMD in people with signs of early disease. Our analysis examined the role of dietary antioxidants and supplements in primary prevention and found that a range of dietary antioxidants, including vitamins A, C, and E, zinc, lutein and zeaxanthin, α carotene, β carotene, β cryptoxanthin, and lycopene, have little or no effect: pooled odds ratios ranged from 0.91 to 1.11, with the exception of vitamin E, which had a modest borderline protective association (0.83, 95% confidence interval 0.69 to 1.01).
Comparison with other studies We found few randomised clinical trials, none of which found that vitamin E and β carotene supplements prevented early AMD.
w10-w12 The studies we evaluated were largely derived from populations in the United States or other developed Western nations, where participants are well nourished. Although we included both population based and volunteer based studies, the pooled odds ratio for the nutrients investigated, with the exception of vitamin E, did not change greatly in our sensitivity analyses of population based and high quality studies. For vitamin E, the borderline significant pooled odds ratio, especially from the two high quality studies, suggests that vitamin E may be associated with a reduced risk of early AMD. Results from the two randomised control trials do not support a protective effect of vitamin E supplementation, given in doses 2.5-fold to 15-fold higher than the highest dietary range estimated from these cohort studies. The vitamin E, cataract, and age related maculopathy trial reported a relative risk for early AMD of 1.05 (0.69 to 1.61) comparing vitamin E intake of 335 mg/day versus placebo, w10 and the alpha tocopherol and beta carotene trial reported an odds ratio for any AMD of 1.27 (0.84 to 1.93) for vitamin E intake of 50 mg/day versus placebo.
w11
The alpha tocopherol and beta carotene trial reported an odds ratio for any AMD of 1.17 (0.76 to 1.79) for β carotene intake of 20 mg/day versus placebo, w11 and the physicians' health study reported a relative risk of 0.97 (0.81 to 1.15) for β carotene (50 mg every other day) versus placebo.
w12 These results are consistent with data from prospective cohort studies. The pooled odds ratio of dietary β carotene intake for early AMD was 1.04 (0.85 to 1.27), comparing the highest (range of intake of 6.2-11.9 mg/day) to the lowest (2.1-2.3 mg/day) category of dietary β carotene.
Carotenoids have been shown to be good filters of harmful blue light, and their antioxidative properties have been demonstrated in vitro. 41 Two of these carotenoids, lutein and zeaxanthin, are found in the macula in concentrations higher than in other parts of the body. 42 However, results from our review suggest that high antioxidant levels in the healthy retina do little to prevent the development of early AMD. A Cochrane review showed that antioxidant supplements may have a role delaying the progression of early to late AMD. 43 These contrasting results could imply that uncontrolled oxidative chain reactions of reactive oxygen species may have begun in eyes with AMD at early or intermediate stage, and thus high antioxidant levels at this stage of the disease process may be effective in slowing progression of AMD. The Cochrane review reported a protective effect from multivitamin supplementation (pooled odds ratio 0.68, 99% confidence interval 0.49 to 0.93) and a protective effect of zinc supplementation (0.73, 95% confidence interval 0.58 to 0.93) in preventing the progression of AMD. Both findings were mainly based on data from the age related eye disease study. 22 No protective effect was seen for vitamin E supplementation (1.05, 0.80 to 1.55; derived only from the vitamin E, cataract, and age related maculopathy trial w10 ). 43 Strengths and weaknesses of the study We sought to be as comprehensive as possible, in accordance with guidelines for meta-analyses, 34 44 and performed an extensive search through seven databases, including grey literature, and did not limit our searches by language or time. 45 46 Inclusion of grey literature has also been shown to reduce the likelihood of publication bias 47 and of overestimating pooled estimates. 32 Although only six studies evaluated lutein and zeaxanthin, the funnel plot showed an inverted V shape, suggesting that publication bias was unlikely. 38 39 Furthermore, we had prespecified the inclusion criteria for the studies, and we specifically evaluated dietary antioxidant intakes and AMD outcomes. Studies that were included had adequate follow-up (most studies lasted a decade), had sound methods, and were of good quality. All studies with pooled risk estimates had been adjusted for age, cigarette smoking, and energy intake in the analyses and had results that were consistent with one another. Overall, there was also little heterogeneity between studies that were included in this review.
Limitations in published studies
Our review identified important limitations in the current literature. Firstly, we found few randomised controlled trials. Our meta-analysis did not include the results of the age related eye disease study, which evaluated the role of antioxidant supplements in the secondary prevention of AMD, a topic that is outside the scope of our review. Of the primary prevention trials, the two published randomised controlled trials evaluated only two potential antioxidants (vitamin E and β carotene) and had a relatively short follow-up of 4-6 years. Thus, prospective cohort studies provided the best currently available evidence regarding dietary antioxidants in the primary prevention of AMD. These prospective studies showed little heterogeneity, allowing us to conduct meta-analysis to derive pooled estimates of risk, but meta-analysis of observational data is known to have more biases than meta-analysis of randomised controlled trials. 48 Secondly, we are unable to evaluate the effect of potential antioxidant synergism in our review. In the Rotterdam eye study, an above median dietary intake of combined antioxidant nutrients, similar to those found in the clinical trial formulation of the age related eye disease study, was associated with a larger reduced risk of AMD than for each antioxidant (vitamin C, vitamin E, β carotene, zinc) individually. w1 We were unable to evaluate such potential synergistic effects with particular antioxidant intake combinations or ratios, as individual studies evaluated each antioxidant in isolation and we pooled the results for each antioxidant separately.
Thirdly, although the included studies had participation rates of greater than 80%, participants in some of these (healthcare professionals, for example) may not be representative of the wider community. Moreover, all studies were conducted in relatively well nourished populations in the United States and other developed Western countries, and results may not be generalisable to other countries.
Fourthly, the assessment and definition of AMD varied between studies (see table 1 ). Definitions ranged from those based on photographs to those that included visual acuity criteria. Studies that included visual acuity criteria may have included a smaller proportion of cases of early AMD than those studies with photographic documentation only.
Finally, most studies used food frequency questionnaires to assess dietary intakes of antioxidants, and these questionnaires were administered only once at study baseline. Non-differential misclassification of antioxidant intake may have occurred, which may bias the results towards the null.
Conclusion
Dietary intake of nine antioxidants evaluated in this systematic review had little or no effect in the primary prevention of early AMD in well nourished Western populations. There is insufficient evidence that antioxidants supplements prevent the onset of AMD. Cigarette smoking remains the only widely accepted modifiable risk factor for the primary prevention of AMD, and patients seeking advice on AMD prevention should be encouraged to stop smoking.
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